The genetic program that directs human placental differentiation is poorly understood. In a recent study, we used DNA microarray analyses to determine genes that are dynamically regulated during human placental development in an in vitro model system in which highly purified cytotrophoblast cells aggregate spontaneously and fuse to form a multinucleated syncytium that expresses placental lactogen, human chorionic gonadotropin, and other proteins normally expressed by fully differentiated syncytiotrophoblast cells. Of the 6918 genes present on the Incyte Human GEM V microarray that we analyzed over a 9-day period, 141 were induced and 256 were downregulated by more than 2-fold. The dynamically regulated genes fell into nine distinct kinetic patterns of induction or repression, as detected by the K-means algorithm. Classifying the genes according to functional characteristics, the regulated genes could be divided into six overall categories: cell and tissue structural dynamics, cell cycle and apoptosis, intercellular communication, metabolism, regulation of gene expression, and expressed sequence tags and function unknown. Gene expression changes within key functional categories were tightly coupled to the morphological changes that occurred during trophoblast differentiation. Within several key gene categories (e.g., cell and tissue structure), many genes were strongly activated, while others with related function were strongly repressed. These findings suggest that trophoblast differentiation is augmented by "categorical reprogramming" in which the ability of induced genes to function is enhanced by diminished synthesis of other genes within the same category. We also observed categorical reprogramming in human decidual fibroblasts decidualized in vitro in response to progesterone, estradiol, and cyclic AMP. While there was little overlap between genes that are dynamically regulated during trophoblast differentiation versus decidualization, many of the categories in which genes were strongly activated also contained genes whose expression was strongly diminished. Taken together, these findings point to a fundamental role for simultaneous induction and repression of mRNAs that encode functionally related proteins during the differentiation process.
growth (Benirschke and Kaufmann, 1995) . Most of these biologic actions occur at the trophoblast layer of the placental villous that is composed of two cell types: syncytiotrophoblasts and cytotrophoblasts. As shown in Figure 1 , syncytiotrophoblast cells form the continuous, uninterrupted, multinucleated, epithelium-like surface of the placental villous that separates maternal blood from the villous interior. The mononuclear cytotrophoblast cells (Langhans' cells), which are located between the syncytiotrophoblast layer and its basement membrane, proliferate and fuse during trophoblast differentiation to form the overlying multinucleated syncytium (for review, see Benirschke and Kaufmann, 1995) .
This chapter will present a brief overview of the differentiation of human cytotrophoblast cells to syncytiotrophoblast cells, emphasizing genes that are regulated during the differentiation process and factors that are known to regulate placental development. We then will present recent DNA microarray studies from our laboratory that have identified many previously unrecognized genes that FIG. 1 . Electron micrograph of a placental villous. IVS, intervillous space (containing maternal blood); S, syncytiotrophoblast; C, cytotrophoblast; E, endothelium; FC, fetal capillary lumen (containing fetal blood). Magnification, ϫ 500. [Reprinted with permission from Sibley CP 1998 Placental nutrient transport. In Knobil E, Neill JD, eds. Encyclopedia of Reproduction. San Diego: Academic Press; 883.] are dynamically regulated during cytotrophoblast differentiation and their patterns of expression during the differentiation process. The data indicate that cytotrophoblast differentiation results from a dynamic genetic program in which some genes within specific functional groups are induced, while others within the same groups are repressed. The data provide insight into molecular mechanisms critical for the induction of this differentiation process.
II. Dynamics of Placental Differentiation
A. DIFFERENTIATION SCHEME During mammalian embryogenesis, the first differentiation event in the blastocyst leads to the formation of trophoblast cells. Prior to this developmental stage, blastomeres are totipotent and may form either trophoblast cells or cells of the inner cell mass, which develop into the embryo. The placenta stem cell divides into the villous cytotrophoblast cell, which is the precursor of the syncytiotrophoblast cell, and the invasive extravillous trophoblast cell, which is the precursor for the column of trophoblast cells that invades the myometrium of the pregnant uterus and anchors the placenta. A schematic representation of the differentiation scheme and many of the factors known to induce or inhibit cytotrophoblast differentiation is depicted in Figure 2 . Several excellent reviews that summarize the differentiation process in detail have been published (Morrish et al., 1998; Cross, 2000; Knofler et al., 2001 ).
B. IN VITRO MODEL OF TROPHOBLAST DIFFERENTIATION
The dynamics of cytotrophoblast differentiation have been studied using primary cultures of human trophoblast cells as a model system (Kliman et al., 1986; Ringler and Strauss, 1990, Richards et al., 1994) . Highly purified preparations of mononucleated cytotrophoblast cells can be isolated from preterm and term placental tissue by enzymatic dispersion. The isolated cells from term placental tissue aggregate spontaneously in culture and fuse to form a multinucleated syncytiotrophoblast that synthesizes and secretes placental lactogen (hPL), chorionic gonadotropin (hCG), and other syncytiotrophoblast-specific protein and steroid hormones (Figure 3 ). These in vitro changes, which recapitulate important activities accomplished by normal cytotrophoblast cells during in vivo maturation, implicate a critical relationship between the differentiation of cytotrophoblast cells into syncytiotrophoblast cells and the induction of hPL, hCG, and several other placental hormones (Hoshina et al., 1984; Boime, 1991) . Isolated cells from first-trimester placentas enter the invasive pathway.
C. REGULATION OF TROPHOBLAST DIFFERENTIATION
Villous cytotrophoblast cells can be induced to differentiate in vitro by epidermal growth factor (EGF) (Maruo et al., 1995a ), hCG (Shi et al., 1993 ; leukemia inhibitory factor (LIF) (Bischof et al., 1995) , colony-stimulating factor-1 (CSF-1) (Pollard et al., 1987) , granulocyte/macrophage (GM)-CSF (Garcia-Lloret et al., 1994) , insulin-like growth factor-I (IGF-I) (Maruo et al., 1995b) , and cyclic AMP (cAMP) (Wice et al., 1990) . Transforming growth factor beta 1 (TGF␤ 1 ) has been shown to inhibit cytotrophoblast differentiation in vitro (Morrish et al., 1991) and redirect the pathway of trophoblast differentiation from a villous syncytiotrophoblast phenotype to an anchoring phenotype (Feinberg et al., 1994; Nachtigall et al., 1996) . Tumor necrosis factor-alpha (TNF-␣) and interferon-gamma (IFN-␥) induce trophoblast cell apoptosis in vitro, while EGF inhibits apoptosis (Morrish et al., 1991; Ho et al., 1999) . The genetic program for trophoblast differentiation in the mouse has been shown to be regulated by several transcription factors, including HOXB6, HOXC5, HOXC6, HOX3E, HB24, GAX, MSX2, DLX4, FIG. 2. Schematic representation of human placental development. Some of the factors that regulate the differentiation of villous and extravillous cytotrophoblast cells are indicated. The plus sign indicates stimulatory factors; the minus sign indicates inhibitory factors. IGF-1, insulin-like growth factor-1; CSF-1, colony-stimulating factor-1; GM, granulocyte/macrophage; EGF, epidermal growth factor; TGF␤, transforming growth factor beta; hCG, chorionic gonadotropin; LIF, leukemia inhibitory factor; IL, interleukin.
Pit-1, TF-1, TEF5, and c-Ets1 (Scott et al., 2000) . However, the genetic program that controls trophoblast lineage determination and villous cytotrophoblast cell differentiation into syncytiotrophoblast cells is poorly understood. In addition, little is known about the genes that are induced and repressed during the differentiation process. Studies from our laboratory suggest that human cytotrophoblast differentiation is induced in vitro by retinoic acid receptor alpha (RAR␣) (Stephanou and Handwerger, 1995a) , thyroid hormone receptor beta (TR␤) (Stephanou and Handwerger, 1995a) , nuclear factor-interleukin-6 (NF-IL6) (Stephanou and Handwerger, 1995b) , and activator protein-2 alpha (AP-2␣) (Richardson et al., 2001 
D. GENE EXPRESSION DURING TROPHOBLAST DIFFERENTIATION
Several studies have begun to define groups of genes that are induced during placental differentiation. Morrish and coworkers (1996) , using a subtraction cDNA library between undifferentiated and differentiating cytotrophoblast cells, identified six novel genes and four known syncytial products that are induced during differentiation (hCG␣, pregnancy-specific ␤ 1 glycoprotein, 3␤-hydroxysteroid dehydrogenase, plasminogen activator inhibitor (PAI) type I). Ten other genes were identified that increased during differentiation, five of which (keratin 19, calrectiulin, heat shock protein (HSP) 27, serum and glucocorticoid-regulated kinase, adrenomedullin) were not known previously to be expressed in placenta. The other induced genes included keratin 8, fibronectin, mitochondrial adenosine triphosphate (ATP) synthase, and superoxide dismutase-1. Dizon-Townson and coworkers (2000) recently found 17 of 186 random clones of a cDNA library from first-trimester placenta represented potentially novel placental genes that have not been characterized. Using differential display analysis, Xu and coworkers (1999) identified seven genes induced in BeWo choriocarcinoma cells during in vitro differentiation in response to cAMP: cytochrome p450 IIC, inosine monophosphate dehydrogenase type II, reducing agent and tunicamycin-responsive protein, and four unknown genes.
III. DNA Microarray Study of Villous Cytotrophoblast Differentiation

A. METHODS
In order to identify genes that are dynamically regulated during placental development and their expression profiles during the differentiation process, we studied gene expression in primary cultures of highly purified trophoblast cells undergoing spontaneous differentiation . The cytotrophoblast cells were prepared by enzymatic dispersion and purified to Ͼ 95% homogeneity by negative selection using a monoclonal antibody to CD9. The cells were cultured in medium containing human maternal serum, since earlier studies from our laboratory demonstrated that cytotrophoblast cells cultured in medium containing human maternal serum express greater amounts of hPL, hCG, and other proteins than cells cultured in other media (Richards et al., 1994) . RNA was isolated from the trophoblast cells at 12 hours after plating (time 0), when the cells were adherent to the culture dish, and at 1, 2, 3, 4, and 6 days of culture. Cy3-and Cy5-labeled probes were prepared and DNA microarrays were performed using the Incyte Human GemV microarray, which contains 6918 genes. Primary data were examined using Incyte Gemtools software and GeneSpring software (Silicon Genetics, Redwood City, CA). Each microarray contained 192 control genes present as nonmammalian, single-gene "spikes" or "complex targets" that consisted of probe-sets that contain a pool of cellular genes expressed in most cell types. In addition, each experimental mRNA sample was augmented with incremental amounts of nonmammalian gene RNA, to permit assessment of the dynamic range attained within each microarray. The reliability of microarray quantitative data was corroborated independently through reverse transcription-polymerase chain reaction (RT-PCR) or Northern blot analysis of the mRNAs used in the microarray experiments as well as by replicate analyses using additional cell and mRNA preparations.
B. IDENTIFICATION OF REGULATED GENES
DNA microarray analyses indicated that 397 of the nearly 7000 genes exhibited robust changes during differentiation, using the criteria of Ն 2-fold induction or repression relative to the day 0 sample. Of these, 141 were induced by Ն 2-fold and 256 were repressed by Ն 50%. The number of regulated genes increased progressively during in vitro differentiation. Overall, 93% of the induced genes and 73% of the repressed genes exhibited changes at two or more time points. The 25 most-induced and repressed genes are shown in Table I . As will be discussed, many of the most-induced genes are involved in cell adhesion and extracellular matrix formation.
C. KINETICS OF TROPHOBLAST DIFFERENTIATION
Several different inductive and repressive kinetic patterns were associated with villous cytotrophoblast differentiation. Figure 4 shows the patterns of gene expression that were determined by mathematical clustering of the log-transformed normalized ratio values using hierarchical tree and K-means algorithms. The hierarchical tree structure revealed a major division between induced and repressed genes, with the principal variations within each major division attributable to the delay period prior to induction or repression. Using a K-means cluster analysis, we divided the expression patterns into nine distinct kinetic patterns ( Figure 5 ). The patterns consisted of variable delays prior to the induction or repression of different groups of genes, with most gene groups exhibiting rapid initiation of their transcriptional pattern. Pattern 1 genes were induced strongly at day 1, then either slowed in their rate of accumulation or declined. Pattern 2 genes reached peak induction at day 2, then leveled or declined at later days. Genes in pattern groups 3 and 4 exhibited further time delays in their induction, increasing after the induction of the hPL and hCG genes. Patterns 5-9 were composed of repressed genes that exhibited varying delays prior to their decline. Only groups 4 and 6 exhibited a significant delay prior to initiation of induction or repression. Only three genes were repressed and subsequently induced; only two were initially activated and subsequently repressed. The distribution of the regulated genes into the nine patterns of gene expression is shown in Figure 5 . Most of the induced genes exhibited patterns 1 and 2, while most of the repressed genes exhibited patterns 6 and 7. The observation that most genes that are dynamically regulated during differentiation exhibit rapid initiation of their transcriptional pattern strongly suggests that cytotrophoblast cells are poised to enter directly the differentiation process. Activation of the cytotrophoblast-to-syncytiotrophoblast gene program results from release of one or more sequential regulatory triggers. The mechanisms for gene activation or mRNA repression during trophoblast differentiation remain to be identified. Mechanisms could include both transcriptional and posttranscriptional activation of gene expression systems already in place within the cytotrophoblast cell or through the synthesis of new gene products that impact on gene expression. The different kinetic patterns may represent the occurrence of multiple regulatory mechanisms. Repression is particularly intriguing, since specific machinery for selective mRNA decay or accelerated turnover has not been described in the trophoblast cell.
D. FUNCTIONAL CLASSIFICATION OF REGULATED GENES
The dynamically regulated genes that were annotated or partially annotated were divided into six functional categories: cell and tissue structural dynamics (110 genes), cell cycle and apoptosis (21 genes), intercellular communication (45 genes), metabolism (79 genes), regulation of gene expression (85 genes), and unknown function (two genes). The distribution of the genes in the functional categories into different patterns of expression, as determined by K-means clustering, is shown in the lower panel of Figure 5 . Each of the functional groups consisted of genes that were strongly induced and strongly repressed. For example, the category of cell and tissue structural dynamics contained six cell-adhesion genes that were induced prior to the aggregation and fusion of the cytotrophoblast cells and four adhesion genes that were induced at later times (Table II) . In contrast, 24 of the 34 adhesion genes were repressed, with 10 of these belonging to pattern 6. Among the genes involved in cytoskeletal organization, 17 of 21 were repressed, with seven exhibiting pattern 6. Some categories were composed of genes that were more uniformly induced or repressed. For example, most of the genes relating to intercellular communication were induced, with nine of the polypeptide hormone genes following a pattern identical to hPL, hCG␣, and hCG␤ (pattern 2) ( Table III) . Many of the genes related to gene expression were repressed, including 27 of the 28 translation-related genes, 11 of which AI310309 CD24 antigen AL031058 Human desmoplakin mRNA, 3Ј end followed pattern 7. However, genes for transcription and signal transduction molecules were split more evenly, with nine of 31 and eight of 26 exhibiting upregulated behavior, respectively.
E. CATEGORICAL REPROGRAMMING
The occurrence of strongly divergent behaviors within tightly related categories strongly suggests that functional reprogramming is necessary to accomplish differentiation. The efficient execution of some biologic processes (e.g., adhesion, tissue remodeling) is best accomplished through both the induction and repression of individual genes within the specific functional category. Our recent finding that human decidualization is also characterized by strong repression of many genes and strongly divergent behaviors within related categories further suggests that categorical reprogramming may be a fundamental process in the differentiation of many cell types (Figure 6 ) (Brar et al., 2001 ). Interestingly, comparison of genes activated and repressed in the differentiation of cytotrophoblast cells and decidual fibroblasts demonstrated limited overlap in their identities, with only 81 of 569 in common. Of these overlapping genes, many were reciprocally regulated. This indicates the unique identity of each cell type [Patterns of gene expression were determined by K-means cluster analysis (see Figure 5 ). The accession number is given for each gene.] [Patterns of gene expression were determined by K-means cluster analysis (see Figure 5 ). The accession number is given for each gene.] as well as the specificity of the differentiation program that each follows. A large number of the genes in both models are related to cell and tissue structure and cell-cell interaction.
F. PROPOSED SCHEME OF VILLOUS CYTOTROPHOBLAST DIFFERENTIATION CORRELATING PATTERNS OF GENE FUNCTION TO MORPHOLOGICAL CHANGES
The occurrence of distinct temporal behaviors for gene activation and repression within different functional categories correlated well with the progressive morphological changes that underlie trophoblast differentiation ( Figure  7 ). Thirty annotated genes were induced and 75 annotated genes were repressed during the time that the cells were aggregating and fusing. However, prior to the greatest induction of hPL and hCG, 32 annotated genes were induced with a delayed pattern similar to that of hPL, hCG␣, and hCG␤. During this early stage of differentiation, many specialized adhesion genes were induced (pregnancyspecific glycoprotein 1, carcinoembryonic antigen family member 6, fibronectin 1, integrin B4, C58, and C36) as well as ADAM 12. ADAM 12 is a member of the ADAM (a disintegrin and a metalloproteinase domain) family of tissuespecific fusogenic proteins that play a key role in cell-cell fusion, especially in skeletal muscle and bone. In addition, genes for the long form of the prolactin receptor, hydroxy-delta-5-steroid dehydrogenase and endoglin, a component of the TGF␤ receptor complex that binds ␤ 1 and ␤ 3 isoforms, were induced in the cytotrophoblast cells early in differentiation. Absent in melanoma 1 (AIM1), a novel, nonlens member of the ␤␥-crystallin superfamily associated with the FIG. 7. Categorical reprogramming-based scheme for cytotrophoblastic differentiation. Major genes and functional groups that exhibit dynamic expression changes are depicted in relationship to the morphological changes that accompany syncytiotrophoblast cell formation during the 6-day culture period. The genes and functional groups are taken from Table III . Integrins refers to integrins ␣6 and ␤6. Adhesion proteins refer to cadherin 1, 3, and 5; annexins A3 and A8; CD24; and transgelin. TIMP3, tissue inhibitor of metalloproteinase 3; CEA6, carcinoembryonic antigen gene family member 6; VEGF, vascular endothelial growth factor; HIF1, hypoxia inducible factor 1; MAO, monamine oxidase A. We hypothesize that categorical reprogramming of gene expression occurs, particularly within the category of cell and tissue structure genes, which is necessary to accomplish the marked cell morphology changes that occur during trophoblast differentiation. control of tumorigenicity in human malignant melanoma, also was induced prior to cell aggregation and fusion.
Following syncytial formation, there was marked induction of genes involved in intercellular communication. These included genes for nine polypeptide hormone genes: hPL, hCG␣, hCG␤, luteinizing hormone (LH) ␤, granulin, vascular endothelial growth factor (VEGF)-related protein, and three members of the TGF␤ superfamily (prostate differentiation factor, bone morphogenetic protein-1 (BMP-1), and BMP-7, also known as osteogenic protein 1). BMP-7 and BMP-1 play strong roles in the development and differentiative transformation of many organ systems. Corticotropin-releasing hormone (CRH), which is known to be a specific marker for terminally differentiated syncytiotrophoblast cells, was not significantly induced until day 4, following inductions of hPL and hCG. Expression of genes for insulin-like growth factor binding protein-3 (IGFBP-3) and IGFBP-10 were repressed. Surprisingly, CSF-1, which is known to induce trophoblast differentiation in vitro, also was repressed.
IV. Summary and Conclusions
In summary, we have identified a temporal event sequence that underlies cytotrophoblast differentiation, based on the induction and repression of a series of genes not recognized previously to play a role in placental development. We have shown that cytotrophoblast-to-syncytiotrophoblast cell differentiation is comprised of a highly dynamic gene program that significantly affects the mRNA levels of nearly 400 of 7000 individual genes queried. Several distinct kinetic patterns of gene induction and repression were observed. Repression was a highly significant phenomenon but its mechanism is unclear. Two possible mechanisms are selective degradation of a subgroup of mRNAs or strong transcriptional repression coupled with relatively high constitutive mRNA turnover. We have termed the phenomena of simultaneous induction and repression of genes with similar function as categorical reprogramming. We hypothesize that trophoblast differentiation requires both activation and repression of a substantial number of genes. We further postulate the existence of two classes of gene regulatory processes that are necessary to accomplish cellular differentiation. The first is the induction of gene products that are responsible for cell functions that were not necessary prior to differentiation but subsequently are required for differentiated cell functions. Examples would include hormone production, unique metabolic processes, or mediators of differentiation per se. The other class represents induction of genes that replace existing gene products with those that cause the cell to switch structure and function. To accomplish this, we envision that the cell must eliminate mRNAs of gene products that could compete or interfere with the induced gene set. Successful accomplishment of cellular differentiation may require both the induction of the effectors of the differentiated cell and dynamic reprogramming of genes within functional pathways that are critical for precursor and product cell lineages.
